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The nature of cosmological dark matter finds its explanation in physics beyond the Stan-
dard model of elementary particles. The landscape of dark matter candidates contains a
wide variety of species, either elusive or hardly detectable in direct experimental searches.
Even in case, when such searches are possible the interpretation of their results implies
additional sources of information, which provide indirect effects of dark matter. Some
nontrivial probes for the nature of the dark matter are presented in the present issue.
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Cosmological dark matter is the important basic element of our current under-
standing of the structure and evolution of the Universe. It cannot be explained by
the known forms of matter and implies physics beyond the Standard model of ele-
mentary particles for its description. The list of dark matter candidates, predicted
by the extensions of the Standard model, is so wide that can be hardly covered in an
issue like that. Still rather wide range of possibilities is considered here: primordial
black holes, axions and axion-like particles, decaying, annihilating and composite
dark matter. Various candidates imply different ways to probe their existence and
there is no need to repeat in this Introduction the content of the contributions to
the present issue. Instead we’d like here to give a brief review of the general frame of
the fundamental relationship of macro- and micro worlds, in which indirect effects
of dark matter play important role.
The problem of dark matter, corresponding to ∼ 25% of the total cosmologi-
cal density, involves two aspects, in which physics beyond the standard model of
elementary particles is involved. The dark matter species (see e.g.1,2,3,4 for review
and reference) should be stable, saturate the measured dark matter density and
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decouple from plasma and radiation at least before the beginning of matter dom-
inated stage. The latter condition is needed to make compatible formation of the
Large scale structure of the Universe with the observed level of CMB fluctuations.
Therefore formation of the Large Scale Structure of the Universe from small initial
density fluctuations is one of the most important reasons for the nonbaryonic nature
of the dark matter that is decoupled from matter and radiation and provides the
effective growth of these fluctuations before recombination. On the other hand, the
initial density fluctuations, coming from the very early Universe are also originated
from physics beyond the Standard model. It puts together these two aspects of the
dark matter problem.
Moreover, the stage, the expanding Universe, on which dark matter acts, in-
volves several other basic elements, whose physical nature goes beyond the known
laws of physics. The modern cosmological picture is based on inflational models,
explaining the global properties of the Universe, with baryosynthesis, explaining
the lack of antimatter in it, and dark energy, dominating in the modern Universe
and causing its currently observed accelerated expansion. All these phenomena -
inflation, baryosynthesis and dark energy - also find their nature and mechanisms
in the extensions of the Standard model. It puts the problem of dark matter and
its physical nature in the multi-parameter space of new physics and one must find
a way, how we can make overdetermined the system of equations relative to the
unknown parameters, so that the true picture of the cosmological structure and
evolution as well the physical laws governing them can be revealed. The approach
to the solution of this multi-dimensional problem implies all the possible sources of
information about possible signatures of new physics and combination of indirect
evidences is crucial for probe its laws and features.
Let’s give briefly following 3,4 some samples of dark candidates. Even remaining
in our 1+3 dimensional space-time and not involving prediction of theories with
infinite extra dimensions we find a wide variety in the description of the physical
nature of dark matter, implying different specific means for its probe.
Most of the known particles are unstable. For a particle with the mass m the
particle physics time scale is t ∼ 1/m a, so in particle world we refer to particles
with lifetime τ ≫ 1/m as to metastable. To be a candidate for dark matter the
particle should survive in the Universe to the present time, so it should be either
absolutely stable, or have a lifetime, exceeding the age of the Universe. Such a long
(or even infinite) lifetime should find reason in the existence of an (approximate)
symmetry. From this viewpoint, the dark matter cosmology is sensitive to the most
fundamental properties of microworld, to the conservation laws reflecting strict or
nearly strict symmetries of particle theory.
aHere and further, if it isn’t specified otherwise we use the units ~ = c = k = 1
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Stable relics. Freezing out. Charge symmetric case
The simplest form of dark matter candidates is the gas of new stable neutral massive
particles, originated from early Universe. For particles with the mass m, at high
temperature T > m the equilibrium condition,
n · σv · t > 1
is valid, if their annihilation cross section σ > 1/(mmPl) is sufficiently large to
establish the equilibrium. At T < m such particles go out of equilibrium and their
relative concentration freezes out. This is the main idea of calculation of primordial
abundance for Weakly Interacting Massive Particles (WIMPs, see e.g. Refs. 1,2,3
for details), which provide realization of the Cold Dark Matter (CDM) scenario.
The process of WIMP annihilation to ordinary particles, considered in t-channel,
determines their scattering cross section on ordinary particles and thus relates the
primordial abundance of WIMPs to their scattering rate in the ordinary matter.
Forming nonluminous massive halo of our Galaxy, WIMPs can penetrate the ter-
restrial matter and scatter on nuclei in underground detectors. The strategy of
direct WIMP searches implies detection of recoil nuclei from this scattering.
The process inverse to annihilation of WIMPs corresponds to their production
in collisions of ordinary particles. It should lead to effects of missing mass and
energy-momentum, being the challenge for experimental search for production of
dark matter candidates at accelerators, e.g. at the LHC.
Stable relics. Decoupling
More weakly interacting and/or more light species decouple from plasma and radi-
ation being relativistic at T ≫ m, when
n · σv · t ∼ 1,
i.e. at
Tdec ∼ (σmPl)
−1
≫ m.
After decoupling these species retain their equilibrium distribution until they be-
come non-relativistic at T < m. Conservation of partial entropy in the cosmological
expansion links the modern abundance of these species to number density of relic
photons with the account for the increase of the photon number density due to the
contribution of heavier ordinary particles, which were in equilibrium in the period
of decoupling.
Stable relics. SuperWIMPs
The maximal temperature, which is reached in inflationary Universe, is the reheating
temperature, Tr, after inflation. So, the very weakly interacting particles with the
annihilation cross section
σ < 1/(TrmPl),
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as well as very heavy particles with the mass
m≫ Tr
can not be in thermal equilibrium, and the detailed mechanism of their production
should be considered to calculate their primordial abundance.
In particular, thermal production of gravitino in very early Universe is propor-
tional to the reheating temperature Tr, what puts upper limit on this temperature
from constraints on primordial gravitino abundance5,6,7,8,9,10,11.
Self interacting dark matter
Extensive hidden sector of particle theory can provide the existence of new interac-
tions, which only dark sector particles possess. Historically one of the first examples
of such self-interacting dark matter was presented by the model of mirror matter.
Mirror particles, first proposed by T. D. Lee and C. N. Yang in Ref. 12 to restore
equivalence of left- and right-handed co-ordinate systems in the presence of P- and
C- violation in weak interactions, should be strictly symmetric by their properties
to their ordinary twins. After discovery of CP-violation it was shown by I. Yu.
Kobzarev, L. B. Okun and I. Ya. Pomeranchuk in Ref. 13 that mirror partners can-
not be associated with antiparticles and should represent a new set of symmetric
partners for ordinary quarks and leptons with their own strong, electromagnetic and
weak mirror interactions. It means that there should exist mirror quarks, bound in
mirror nucleons by mirror QCD forces and mirror atoms, in which mirror nuclei are
bound with mirror electrons by mirror electromagnetic interaction 14,15. If gravity
is the only common interaction for ordinary and mirror particles, mirror matter can
be present in the Universe in the form of elusive mirror objects, having symmetric
properties with ordinary astronomical objects (gas, plasma, stars, planets...), but
causing only gravitational effects on the ordinary matter 16,17.
Even in the absence of any other common interaction except for gravity, the ob-
servational data on primordial helium abundance and upper limits on the local dark
matter seem to exclude mirror matter, evolving in the Universe in a fully symmetric
way in parallel with the ordinary baryonic matter18,19. The symmetry in cosmo-
logical evolution of mirror matter can be broken either by initial conditions20,21,
or by breaking mirror symmetry in the sets of particles and their interactions as
it takes place in the shadow world22,23, arising in the heterotic string model. We
refer to Refs. 2,24,25 for current review of mirror matter and its cosmology.
Subdominant dark matter
If charge symmetric stable particles (and their antiparticles) represent only sub-
dominant fraction of the cosmological dark matter, more detailed analysis of their
distribution in space, of their condensation in galaxies, of their capture by stars,
Sun and Earth, as well as effects of their interaction with matter and of their an-
nihilation provides more sensitive probes for their existence. It was first revealed
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in26 and then proved in27 for subdominant particles that the contribution of dark
matter annihilation in the flux of cosmic ray positrons provides a mighty indirect
probe for dark matter.
Decaying dark matter
Decaying particles with lifetime τ , exceeding the age of the Universe, tU , τ > tU ,
can be treated as stable. However, even small effect of their decay can lead to sig-
nificant contribution to cosmic rays and gamma background28. Leptonic decays
of dark matter are considered as possible explanation of the cosmic positron ex-
cess, measured in the range of hundreds GeV by PAMELA29, FERMI/LAT30 and
AMS0231,32.
Primordial unstable particles with the lifetime, less than the age of the Universe,
τ < tU , can not survive to the present time. But, if their lifetime is sufficiently large,
their existence in early Universe can lead to observable effects33.
Weakly interacting particles, decaying to invisible modes, can influence Large
Scale Structure formation. Such decays prevent formation of the structure, if they
take place before the structure is formed. Invisible products of decays after the
structure is formed should contribute in the cosmological dark energy. The Unstable
Dark matter scenarios34,35,36,37,38,39,40,41,42 implied weakly interacting particles
that form the structure on the matter dominated stage and then decay to invisible
modes after the structure is formed.
Cosmological flux of decay products contributing into the cosmic and gamma
ray backgrounds represents the direct trace of unstable particles33,43. If the decay
products do not survive to the present time their interaction with matter and ra-
diation can cause indirect trace in the light element abundance7,8,9,44 or in the
fluctuations of thermal radiation45.
Charge asymmetry of dark matter
The fact that particles are not absolutely stable means that the corresponding
charge is not strictly conserved and generation of particle charge asymmetry is pos-
sible, as it is assumed for ordinary baryonic matter. At sufficiently large particle
annihilation cross section excessive particles (antiparticles) can dominate in the relic
density, leaving exponentially small admixture of their antiparticles (particles) in
the same way as primordial excessive baryons dominate over antibaryons in baryon
asymmetric Universe. In this case Asymmetric dark matter doesn’t lead to signifi-
cant effect of particle annihilation in the modern Universe and can be searched for
either directly in underground detectors or indirectly by effects of decay or conden-
sation and structural transformations of e.g. neutron stars (see Ref. 46 for recent
review and references).
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Charged stable relics. Dark atoms
New particles with electric charge and/or strong interaction can form anomalous
atoms and contain in the ordinary matter as anomalous isotopes. For example, if the
lightest quark of 4th generation is stable, it can form stable charged hadrons, serving
as nuclei of anomalous atoms of e.g. anomalous helium 47,48,49,50,51,52. Therefore,
stringent upper limits on anomalous isotopes, especially, on anomalous hydrogen put
severe constraints on the existence of new stable charged particles. However, stable
doubly charged particles can not only exist, but even dominate in the cosmological
dark matter, being effectively hidden in neutral ”dark atoms”3,4,53.
Phase transitions
Parameters of new stable and metastable particles are also determined by a pattern
of particle symmetry breaking. This pattern is reflected in a succession of phase
transitions in the early Universe. First order phase transitions proceed through
bubble nucleation, which can result in black hole formation (see e.g. Ref. 54,55 for
review and references). Phase transitions of the second order can lead to formation
of topological defects, such as walls, string or monopoles. Structure of cosmological
defects can be changed in succession of phase transitions. More complicated forms
like walls-surrounded-by-strings can appear. Such structures can be unstable, but
their existence can leave a trace in nonhomogeneous distribution of dark matter.
Axions and axion-like particles
Succession of phase transitions, correponding to the spontaneous and then manifest
breaking of U(1) symmetry, results in the generation in the Universe of a pseudo-
Nambu–Goldstone (PNG) field (see Refs. 3,54,55 for review and references). The
coherent oscillations of this field represent a specific type of CDM in spite of a very
small mass of PNG particles ma = Λ
2/f , where f ≫ Λ, since these particles are
created in Bose-Einstein condensate in the ground state, i.e. they are initially cre-
ated as nonrelativistic in the very early Universe. This feature, typical for invisible
axion models can be the general feature for all the axion-like PNG particles.
At high temperatures the pattern of successive spontaneous and manifest break-
ing of global U(1) symmetry implies the succession of second order phase transitions.
In the first transition at T ∼ f , continuous degeneracy of vacua leads, at scales ex-
ceeding the correlation length, to the formation of topological defects in the form
of a string network; in the second phase transition at T ∼ Λ≪ f , continuous tran-
sitions in space between degenerated vacua form surfaces: domain walls surrounded
by strings. This last structure is unstable, but, as was shown in the example of
the invisible axion 56,57,58, it is reflected in the large scale inhomogeneity of dis-
tribution of energy density of coherent PNG (axion) field oscillations. This energy
density is proportional to the initial value of phase, which acquires dynamical mean-
ing of amplitude of axion field. The value of phase changes by 2pi around string.
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This strong nonhomogeneity of phase leads to corresponding nonhomogeneity of
energy density of coherent PNG (axion) field oscillations, which is correlated at
large distances as a replica of the original structure of unstable topological defects
- walls-surrounded-by-strings.
Primordial Black Holes
Any object of mass M can become a black hole, being put within its gravitational
radius rg = 2GM/c
2. At present time black holes can be created only by a gravi-
tational collapse of compact objects with mass more than about three Solar mass
59,60. It can be a natural end of massive stars or can result from evolution of dense
stellar clusters. However in the early Universe there were no limits on the mass of a
black hole. Ya.B. Zeldovich and I.D. Novikov (see Ref. 61) noticed that if cosmolog-
ical expansion stops in some region, black hole can be formed in this region within
the cosmological horizon. It corresponds to strong deviation from general expansion
and reflects strong inhomogeneity in the early Universe.
For long time scenarios with Primordial Black Holes (PBH) belonged domi-
nantly to cosmological anti-Utopias, to ”fantasies”, which provided restrictions on
physics of very early Universe from contradiction of their predictions with obser-
vational data. Even this ”negative” type of information makes PBHs an important
theoretical tool.
By construction astrophysical constraint excludes effect, predicted to be larger,
than the observed one. At the edge such constraint converts into an alternative
mechanism for the observed phenomenon. At some fixed values of parameters, PBH
spectrum can play a positive role and shed new light on the old astrophysical prob-
lems.
The common sense is to think that PBHs should have small sub-stellar mass.
Formation of PBHs within cosmological horizon, which was very small in very early
Universe, seem to argue for this viewpoint. However, phase transitions on inflation-
ary stage can provide spikes in spectrum of fluctuations at any scale, or provide
formation of closed massive domain walls of any size.
Being far from complete, the above listing gives the flavor of the variety of pos-
sible features of the new physics in the cosmological dark matter. The new physics
follows from the necessity to extend the Standard model. The white spots in the
representations of symmetry groups, considered in the extensions of the Standard
model, correspond to new unknown particles. The extension of the symmetry of
gauge group puts into consideration new gauge fields, mediating new interactions.
Global symmetry breaking results in the existence of Goldstone boson fields.
In particle physics direct experimental probes for the predictions of particle
theory are most attractive. The predictions of new charged particles, such as su-
persymmetric particles or quarks and leptons of new generation, are accessible to
experimental search at accelerators, if their masses are in 100GeV-1TeV range. How-
ever, the predictions related to higher energy scale need non-accelerator or indirect
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means for their test and the observational cosmology offers strong indirect evidences
favoring the existence of processes, determined by new physics.
Cosmoparticle physics 1,2, studying the physical, astrophysical and cosmological
impact of new laws of Nature, explores the new forms of matter and their physical
properties in the combination of their indirect effects. Physics of dark matter in
all its aspects plays important role in this process. It makes indirect dark matter
searches of special interest and the present issue can be considered as the first step
towards their extensive and systematic treatment. Our future planned special issue
of Modern Physics Letters A ”Dark Matter Candidates” and Book Review ”Indirect
Effects of Dark Matter Physics” will continue exploration of this exciting field of
scientific research.
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